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Abstract
This study gauged the severity and permanence of soil compaction associated with mechanized 
clear felling of umbrella pine plantations. We tested three treatments: not harvested, har-
vested one year earlier and harvested six years earlier. Each treatment was replicated eight 
times in randomly distributed 0.5 ha plots, on the same soil type. Soil compaction was assessed 
by gauging soil bulk density, penetration resistance, deflection under impact and CO2 con-
centration. These parameters were measured with steel rings, penetrometer, deflectometer and 
soil air analyzer, respectively. Measurements were conducted on 8 clear cut blocks per treat-
ment, which had been randomly distributed over the same forest, with identical soil and stand 
type. One year after clear fell, bulk density increased by 9%, penetration resistance by 50% 
and deflection by 60%. Porosity decreased by 10%, which entailed a parallel 30% increase of 
both soil moisture content and CO2 concentration in the soil air. Six years after clear fell, there 
was no sign of recovery for bulk density, deflection and moisture content. On the contrary, 
penetration resistance was significantly reduced, and CO2 concentration was back to the 
values recorded in plots that had not been harvested.
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ments:	 not	 harvested,	 clear	 felled	 one	 year	 earlier	
(2011)	and	clear	felled	six	years	earlier	(2005).	All	plots	
represented	mature	 umbrella	 pine	 (Pinus pinea	 L.)	
plantations,	with	an	age	of	about	100	years.	Stand	den-
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Mediterranean and sub Mediterranean soils (Maki-
neci	et	al.	2007,	Picchio	et	al.	2012).


































tion	according	 to	 soil	properties.	 Soil	 reaction	was	
measured through accelerometers built into the reac-
tion	base	plate	of	the	instrument.	Deflection	was	cal-

































nificantly	 different	 from	 those	 in	 non-harvested	
plots.	All	measures	indicated	the	presence	of	com-
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fells was borderline (p	=	0.066).	What	is	most	impor-















vested	plots,	 resistance	 at	 the	 40	 cm	depth	 almost	
reached	6	MPa,	which	is	the	critical	value	indicating	









piration	 reduction	due	 to	 the	 absence	of	 a	mature	
stand.
Table 1 Main results of the study
OBS Not harvested Clear cutting in 2005 Clear cutting in 2011
N Mean SD Mean SD Mean SD
Bulk density, g/cm3 240 1.277a 0.134 1.375b 0.103 1.391b 0.158
Porosity, % 240 50.9a 4.5 47.7b 3.3 46.0b 4.5
Moisture content, % 240 4.5a 2.0 5.4b 2.6 5.9b 4.5
Penetration resistance at 10 cm depth, MPa 1 200 1.851a 0.772 2.152b 0.901 2.824c 1.128
Penetration resistance at 20 cm depth, MPa 1 200 2.676a 1.110 3.305b 1.284 4.028c 1.402
Penetration resistance at 30 cm depth, MPa 1 200 3.147a 1.163 3.952b 1.502 4.661c 1.391
Penetration resistance at 40 cm depth, MPa 1 100 3.589a 1.154 4.330b 1.474 4.967c 1.270
Soil deflection, mm 480 5.8a 3.6 9.6b 3.7 9.3b 3.7
CO2 concentration, ppm 240 2 375.1
a 691.0 2 152.1a 622.4 3 133.0b 1 312.5
Note: SD = Standard Deviation; different letters on the mean values indicate that differences between treatments (figures in the same rows) are statistically sig-
nificant at the 5% level; OBS = observations; N = number of observations, which is equally distributed among the three treatments
Fig. 1 Relationship between penetration resistance and soil depth
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Table 2 ANOVA table for the main results of the study
SS SS s2 F value P value
Bulk density, g/cm3
Treatment 2 0.587 0.13 16.502 <0.0001
Residual 230 4.088 0.87 – –
Porosity, %
Treatment 2 504.415 0.20 14.625 <0.0001
Residual 115 1 983.201 0.80 – –
Moisture content (%) square root transformed
Treatment 2 2.708 0.04 4.419 <0.0001
Residual 230 70.484 0.96 – –
Penetration resistance at 10 cm depth (MPa) log transformed
Treatment 2 6.942 0.15 102.545 <0.0001
Residual 1 197 40.519 0.85 – –
Penetration resistance at 20 cm depth (MPa) square root transformed
Treatment 2 27.257 0.15 104.590 <0.0001
Residual 1 197 155.974 0.85 – –
Penetration resistance at 30 cm depth, MPa
Treatment 2 452.136 0.17 122.413 <0.0001
Residual 1 197 2 182.880 0.83 – –
Penetration resistance at 40 cm depth, MPa
Treatment 2 352.131 0.16 103.310 <0.0001
Residual 1 110 1 891.719 0.84 – –
Soil deflection, mm
Treatment 2 1 196.406 0.15 44.307 <0.0001
Residual 501 6 764.088 0.85 – –
CO2 concentration (ppm) log transformed
Treatment 2 0.935 0.18 26.074 <0.0001
Residual 231 4.143 0.82 – –
Table 3 Main statistics for the regression models shown in Fig. 1
Model type: PR = a x Db
Parameter Coefficient SE 95% CI r2 Valid observations Outliers
Clear cuttings in 2011
a 0.942 0.054 0.833 to 1.051 0.972 16 098 24
b 0.468 0.018 0.432 to 0.504
Clear cuttings in 2005
a 0.657 0.032 0.592 to 0.722 0.984 16 240 21
b 0.526 0.015 0.495 to 0.556
Not harvested
a 0.628 0.025 0.577 to 0.679 0.986 16 274 149
b 0.477 0.012 0.454 to 0.502
Note: PR = Penetration resistance (MPa); D = Depth, cm; SE = Standard error; CI = Confidence interval. The effect of the independent variable is significant 
at the 1% level.
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based	on	 this	assumption,	and	not	on	a	 long	 term	
study that recorded soil characteristics in the same 
plots,	over	the	years.
Furthermore,	 this	 study	differs	 from	most	 soil	
compaction	studies	(e.g.	Sakai	et	al.	2008,	Gerasimov	















holami 2013) may overestimate damage severity 












searchers	have	 clearly	marked	 the	position	of	 the	
tracks	 at	 the	 time	 of	 harvesting	 –	 years	 earlier.	 It	
should be taken into consideration that our study 
presents	 an	 average	 level	 of	 compaction,	 derived	
from	 sampling	 both	 trafficked	 and	 non-trafficked	











































ous studies have shown that biological recovery is 
expected	when	CO2 concentration is below 10 000 
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ppm:	beyond	this	threshold,	biological	activity	is	so	











centration readings were collected directly in the ma-
chine	 ruts,	where	 compaction	was	 highest.	 In	 this	
study,	post-harvest	readings	were	obtained	by	ran-
domly	sampling	the	whole	clear	cut	area,	so	that	our	
research averaged readings obtained inside and out-
side	the	ruts,	which	were	invisible	at	the	time	of	sam-
pling.
One of the main assets of this study is in the con-










































(Ampoorter	 2010,	Von	Wilpert	 and	 Schäffer	 2006).	
Probably,	recovery	time	is	proportional	to	impact	se-





















felling) does not seem to alter soil characteristics so 




plantation	 produces	 significant	 alterations	 of	 soil	
physical	characteristics,	additional	to	those	eventually	
caused	by	other	management	activities.	However,	the	
extent of these alterations may not exceed critical lim-
its,	partly	due	to	the	resistance	of	sandy	soil	to	com-
paction.	What	is	more,	recovery	seems	to	be	relatively	
fast.	Six	years	after	clear	felling,	CO2 concentration is 
similar	to	that	recorded	in	non-harvested	plots,	pos-
sibly	indicating	a	recovery	of	soil	conductivity,	which	
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young Pinus ponderosa and Pinus contorta	on	compacted	soil	
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